The nature of the phage typing reactions on Brucella species was determined by rates of adsorption and infection, one-step growth experiments, and susceptibility to lysis from without. The Pa. 19151. strain R19, a non-CO2 dependent strain, was the host propagating strain and indicator strain.
Brucellaphage, at its routine test dilution (RTD), lyses smooth Brucella abortus cultures and produces tiny plaques on B. neotomae cultures. Plaques are not observed on lawns of B.
suis, although high concentrations of phage (104 x RTD or greater) cause inhibition of growth that resembles lysis. We were not able to propagate phage on B. neotomae or B. suis cultures. The discrepancy between apparent lysis and inability to demonstrate phage replication on these cultures was investigated by determining adsorption and infection rates, efficiency of plating, onestep growth experiments, and rate of lysis from without by high concentrations of brucellaphage. These methods were also employed in the study of phage reactions on a strain of B. abortus of intermediate colonial morphology, on B. melitensis, and on rough cultures of Brucella. The data derived from these studies contribute3 to an understanding of the interaction between brucellaphage and various species and colonial types of Brucella.
MATERIALS AND METHODS
The source of brucellaphage is the same as that described previously (19) and is identical to the TB phage designated the reference phage by the Subcommittee on Taxonomy of Brucella (14) . B. abortus strain R19, a non-CO2 dependent strain, was the host propagating strain and indicator strain.
Trypticase Soy Broth (BBL) was used for all studies except those with B. neotomae. The growth rate of B. neotomae was faster in Brucella broth (Albimi Laboratories, Flushing, N.Y.). Agar (Difco) was added to a concentration of 1.8% for solid media, and 0.75% was added for soft agar overlays.
Brucella cultures were classified by biotypes and species according to the criteria recommended by the Subcommittee on Taxonomy of Brucella (14, 30) . The colonial morphology was determined by standard methods (2). None of the cultures employed in broth propagation studies required an atmosphere enriched with CO2 for growth.
Methods for phage propagation, titration, rate of adsorption, and one-step growth experiments are basically those described by Adams (1), as modified for Brucella (19) . The tube test for "lysis-from-without" has been described (17) . Methods will be outlined with the results of each set of experiments.
RESULTS
Phage typing reactions on Brucella species. A lawn of the culture to be tested was prepared by adding about 5 x 108 cells from a 24-hr agar or broth culture to 2.5 ml of soft agar at 47 C and mixing and pouring over agar plates. A calibrated dropping pipette was employed for spotting decimal dilutions of the phage on the plates. After the drops had dried, the plates were incubated at JONES, MERZ, AND WILSON (Fig. Ic) at phage dilutions of RTD and 10 X RTD after 48 hr. Growth in the area of the phage drop was white and sticky as previously reported (16) . Clear plaque mutants appeared in the lower phage dilutions after 48 hr, and these have been isolated and studied (20) .
Plaques did not appear at any phage dilution on lawns of B. suis 1330 (Fig. ld) (Fig. lf) by the phage at RTD, but the size and numbers were reduced so that they did not show up in the photograph. Complete lysis was produced by 104 X RTD, and secondary colonies did not appear at any phage dilution.
Adsorption and infection rates of brucellaphage on various species ofBrucella. A mixture containing (per ml) 3 x 109 Brucella cells from an early log-phase broth culture and 5 X 108 PFU was allowed to incubate for 30 min at 37 C. The mixture was then assayed in two ways: (i) a portion was diluted in cold (4 C) broth and centrifuged at 4 C, and the supernatant fluid was assayed for free phage, and (ii) a portion was added to a dilution of antiphage rabbit serum, incubated for 20 min to neutralize free phage, and then diluted and assayed for ability of infected cells to produce plaques on a lawn of B. abortus R19.
The adsorption rates by the free-phage method were about the same on B. abortus and B. neotomae ( The growth curves of B. abortus R19 and B. neotomae 5K33 are graphically presented in Fig.  2 . In this experiment, the flasks were incubated in the shaking water bath for 8.5 hr after the addition of phage. At intervals after the addition of phage, samples were removed and optical density readings were taken at frequent intervals during stationary incubation of these samples. The growth of R19 ceased 6 hr after addition of phage, but overt lysis did not occur until the flask or sample was removed from the shaker. the phage was recovered with R19 as host strain, and the total phage counts increased between 1 and 1.5 hr, with the maximal count occurring in 2 to 3 hr. In contrast, in the B. neotomae experiments the total phage continued to decrease for 1 hr, it then began increasing slowly, and it reached a maximal count after 5 hr of incubation (as determined in other experiments).
The one-step growth experiment with B. suis indicated that some adsorption took place as shown by the loss in free phage. The total phage count after 30 min of adsorption and through 1.5 hr of incubation on the shaker was about 75 % of the input. It then went up slightly but never rose much above the input.
In both experiments, total phage counts after incubation on the shaker were plated on lawns of the "host" strain 5K33 or 1330, as well as on the "indicator" strain R19. In no case was there an indication of a host mutation. The efficiency of plating on B. neotomae was 0.3 in comparison with Rl9, and this was not changed after the one-step growth experiment. Plaques were never observed on a lawn of B. suis 1330.
The input ratio in these experiments was 1,000 cells to one phage particle, thus one would not expect a cell to adsorb more than one phage particle. An explanation for loss in total phage count following adsorption on B. neotomae and B. suis is that the phage kills the bacterial cell upon contact and in so doing is itself neutralized. Two experiments were performed to test this possibility. In the first experiment, log-phase cells were mixed with phage at an input ratio of 109 cells to 109 PFU to insure maximal adsorption. After 30min at 37 C, they were diluted immediately to stop further adsorption, and colony counts were performed by (i) incorporation into soft agar overlay, and (ii) spreadingon the surface of agar plates. Log-phase cells mixed with a volume of broth equivalent to the phage addition were treated similarly. There was no difference in the counts in agar layer and on the surface of plates in the absence of phage. In comparison with the control counts, B. neotomae cells mixed with phage showed a 46% reduction in agar layer and a 35% reduction on the surface of agar plates. B.
suis cells mixed with phage showed an 18% reduction in agar layer and a 1 % reduction on the surface of agar plates. In the second experiment, cultures were tested for their ability to form colonies on the surface of agar plates that had been spread with 2 X 108 PFU and allowed to dry. Dilutions containing about 200 cells were inoculated on plates with and without phage. About 50% of the B. neotomae cells survived the phage and formed colonies; all of the B. suis cells produced colonies in the presence of phage.
The one-step growth experiments and the bacterial counts in the presence of phage suggest that up to 50% of the population of B. neotomae may be killed as a result of contact with phage. Some of the remaining B. neotomae cells become infected and go through a lytic cycle resulting in an increase in phage count in one-step growth experiments. It is not possible to show a net increase in phage count in broth propagation studies ( Table 3) because continued adsorption and neutralization of phage occur under these conditions.
B. suis cells are less likely to be killed as a result of contact with limited numbers of phage particles. We were not able to show an increase in phage over the input in the one-step growth experiment. The slight increase in phage count from zero-time to 4 hr of incubation may have been due to elution of adsorbed phage with shaking.
Lysis from without. In routine phage typing, phage dilutions greater than RTD produce lytic or inhibitory reactions on lawns of B. neotomae and B. suis. These reactions suggested "lysisfrom-without" in which lysozyme-like enzymes rupture the bacterial cell wall. In order to show this reaction in a rapid tube test, conditions similar to those found optimal for lysis of gramnegative cells by lysozyme were required. The percentage of the initial optical density was plotted against time on semilog paper. The time required for a 50% drop in optical density was read from the graph, and this value was used to compare the susceptibility of cultures to lysis from without. Figure 3 shows the drop in optical density of representative cultures with the addition of 80 PFU per bacterial cell in the presence of glycine and EDTA. The degree of lysis in presence of phage only, or glycine and EDTA only, was minimal. B. abortus and B. suis were lysed at about the same rate, but B. neotomae was lysed at a faster rate. B. melitensis showed slightly greater lysis with the addition of phage than with glycine and EDTA alone. for 30 min at 37 C, washing cells twice by centrifugation to remove free phage, diluting 10-6, and plating 0.1 ml on the surface of agar plates. This resulted in the appearance of about 100 colonies since there is no loss in cell count in the presence of phage with this culture (16) . After two days of incubation, all colonies were small blue-gray, but sometime after 4 days 3 to 5% of the colonies became converted to sticky white colonies. Individual white colonies after 6 days of incubation were transferred to broth containing deoxyribonuclease (5 ,ug/ml) and Mg++ (102 M) and were incubated for 90 min to obtain a monodispersed cell suspension. The suspension was diluted and assayed for plaque morphology of phage on lawns of 544A. All colonies contained large numbers of the three phage classes (wild type or turbid, c or clear, lc or late clearing), and the frequency of The numbers and kinds of phage in young colonies (that had not yet undergone conversion, but ultimately would) were also determined. In this case, infected washed cells, as described above, were plated and incubated for 2 days until the colonies were barely visible, and they were then replica-plated onto three plates. The master plate was stored at 4 C, and the replica plates were incubated at 37 C until sticky white colonies developed. From the three replicas, it was possible to predict which of the normal-appearing colonies on the master plate had given rise to the sticky white colonies. Ten such colonies from the master plate were assayed and found to contain from 101 to 4 X 106 PFU per colony. Only wild-type phage was detected in these colonies, although the assay was capable of detecting as low as 10 PFU of mutant phage. No phage could be detected in the assay of colonies from the master plate that gave rise to blue-gray normal colonies on the replica plates.
The results of these assays indicated that (i) there was a large amount of wild-type phage present in a normal-appearing colony that gave rise to a sticky white colony which presumably began as a single cell with adsorbed wild-type phage, and (ii) the lc and c mutant phages were detected only after the conversion to the sticky white state.
Adsorption and infection rates were determined in the same manner as previously described (Table   TABLE 6 bValues were obtained by dividing the number of infected cells in a given experiment by the number of adsorbed phage particles (calculated by the free-phage method) in the same experiment. 6). Wild-type phage was adsorbed to 544A at a measurable rate, as shown by the free-phage method, but there was a low probability that cells with adsorbed phage would go through a lytic cycle and release mature phage, as shown by the infected-cell method. In contrast, the c mutant adsorbed to strain 544A, infected it, and mature phage was released. The lc mutant also infected strain 544A at a measurable rate, although somewhat lower than the c mutant.
The wild-type and clear mutant phage preparations were then compared for their ability to cause lysis from without in the tube test in the presence of glycine and EDTA. Figure 5 shows that the wild-type phage is unable to lyse strain 544A, whereas the clear mutant lyses both strains at a comparable rate.
Both the c and Ic phages were tested for their 
DIscuSSION
The history, characteristics, and use of brucellaphage for classification of Brucella cultures have been reviewed by Drozevkina (8) and Morgan (25) . Morgan (24) examined nearly 4,000 Brucella cultures for lysis by five brucellaphages at two dilutions (RTD and 104 X RTD) and found the phages had an identical host range and the same neutralization value when tested with phage antiserum. Miinter (27) Morgan (24) and Gargani (11) suggested that lysis from without might be involved. Calderone and Pickett (6) reported small turbid plaques on lawns of B. suis with 100 X RTD, which upon transfer resulted in isolation of a mutant that gave rise to clear plaques on B. suis. We did not observe plaques on lawns of B. suis even under optimal conditions for plaque formation in soft agar lawns. Rather, a gradual thinning out of growth with increasing amounts of phage occurred, similar to the "inhibitory" effect described by Williams and Rippon (32) (6) stated that B. abortus and B. neotomae were uniformly sensitive to brucellaphage. We observed that plaques on B. neotomae lawns were always small, and the efficiency of plating was never greater than 0.3 in comparison with that on B. abortus R19. Attempts to propagate phage on B. neotomae resulted in a loss rather than a gain in phage. One-step growth experiments indicated that one-half of the cells were killed upon contact with phage, and the cells which did go through an infected cycle had a delayed burst time. A similar event has been reported for S. aureus (3) . B. neotomae was more sensitive to lysis from without in the tube test than was B. abortus. In routine phage typing reactions with B. neotomae (Fig. lf) , only minute plaques, which can be overlooked, were produced at the RTD due to poor replication, but areas of higher phage concentration showed complete lysis due to to lysis from without. Nature of phage reaction on an intermediate strain of B. abortus. Alteration in the colonial morphology of an intermediate strain of B. abortus 544A was attributed to the presence of phage (16) . When incompletely lysed, growth from the area of the phage drop was streaked on agar plates, both blue-gray and sticky white colonies developed; only the latter contained phage. When sticky white colonies were incubated for 6 hr or more in phage antiserum, phage was eliminated, and only blue-gray colonies developed. Thus, there was no indication that lysogeny had occurred, and it was believed that the sticky white colonies were carrier clones. Accidental contamination of stock cultures by brucellaphage has resulted, in our experience, in similar sticky white growth.
Merz and Wilson (20) reported that the sticky white colonies contained two mutant phages, termed c and lc (for clear and late clearing, respectively), in addition to the parent or wildtype phage. These plaque morphology mutants, demonstrable only on strain 544A, were also detected in the phage stock before replication on strain 544A and werenot, therefore, caused by any host-modifying effect of strain 544A. Single-burst experiments (20) showed that they arose from the wild-type phage by spontaneous mutation during replication on the host strain B. abortus Rl9. About one plaque mutant appeared per 105 wild-type progeny. In phage typing reactions (see When wild-type phage was adsorbed to 544A cells in a 1 :1 ratio, and then plated, all cells survived to form colonies. Only about 5% of the colonies developed into sticky white colonies with phage; the remaining colonies were normal blue-gray and did not contain phage. Assay of the potential sticky white colonies showed that there was a large amount of wild-type phage present in a normal-appearing colony. The lc and c phages were detected only after the colony had converted to the sticky white state. Adsorption rate determinations showed that the wild-type phage could adsorb to 544A cells, but there was a low probability that mature phage would be released. In contrast, the mutant phage could infect 544A, and mature phage was released. Examination of the wild-type and mutant phage for lysis from without in the tube test showed that the wild-type phage was unable to lyse strain 544A, whereas the mutant phage could lyse this strain as well as strain B. abortus R19. It is possible that the same lytic factor is involved in "lysis-from-within" the infected cell. The wild-type phage is able to adsorb to 544A cells and, perhaps, infect a small proportion of them, but the enzyme for breaking the 544A cell wall and releasing mature phage is inefficient and thus bursting is much delayed. It is probable that cell division occurs prior to release of phage. We know that a normal appearing colony containing phage can arise from a single infected cell. Eventually, sufficient phage accumulates in the colony for the spontaneous appearance of the mutant which, with its more efficient enzyme, is able to speed up the burst time, and replication occurs more rapidly. Jones et al. (16) had previously reported that the mutant phage had a shorter latent period on strain 544A than did the wild-type phage and we can now attribute this to the enzymelike factor. Proposals (9, 24, 28) have been made to use both RTD and 104 X RTD for the differentiation of B. abortus (lysed by both phage dilutions), B. suis (lysed by 104 x RTD only), and B. melitensis (lysed by neither dilution). Discrepancies have been reported in this scheme (10, 12, 18, 29) , but the basis for speciation in these reports was not clear. In this study, we observed that, in general, the results with these two dilutions correlated with the classification scheme based on oxidative metabolic patterns proposed by Meyer and Cameron (22) Meynell (23) discussed the significance of bacteriophage in bacterial classification and statedthat a group of bacterial strains which are all killed by the same phage must share the receptors to adsorb the phage. We do not know where the receptor site for phage is located on the smooth Brucella cell wall. It is certainly unrelated to A and M agglutinins, since B. abortus cells of M serology are as susceptible to lysis as B. abortus cells of A serology (13, 21, 26) . There have been reports (31) that Brucella endotoxins will inhibit brucellaphage adsorption, but endotoxins are generally impure preparations containing protein as well as lipopolysaccharide complexes. Thus, this does not clarify the receptor site.
It appears that the action of brucellaphage on species other than B. abortus is much like that of a bacteriocin. Bacteriophages and bacteriocins show many similarities on morphological grounds (4); the major distinction is that bacteriocins are not propagated by infection. It would seem possible that an agent which acts as a bacteriophage on one host could act as a bacteriocin on a closely related host. According to Bradley (4) , it is probably the protein part of phagelike bacteriocins which is lethal, and the lethal activity can be reduced by trypsin. We previously reported (17) that phage preparations treated with trypsin lost their ability to cause lysis from without, as well as their plaque-forming ability on lawns of B. abortus, and these two properties were also inseparable on the basis of cesium chloride density gradient centrifugation (17) .
Bacteriocins have no genetic action (4) and are unable to lysogenize bacteria. We have had no evidence to suggest that brucellaphage is able to lysogenize cultures, although this phenomenon has been reported by others (8) .
